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HYDROMETALLURGICAL PROCESSING OF CHALCOPYRITE
CONCENTRATES FOR COPPER, GOLD, AND SILVER RECOVERY

A.M. Hovhannisyan, D.G. Vardanyan
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The present work describes the specific features of hydrometallurgical processing of
copper concentrates. The characteristics of heap leaching, in-situ (vat) leaching, and
bioleaching processes are presented. In industrial copper concentrates, copper is
predominantly present in the form of chalcopyrite (CuFeS,) and chalcocite (Cu,S), while iron
occurs mainly as pyrite (FeS,). The optimal technological conditions for concentrate leaching
have been outlined with the aim of achieving maximum recovery of valuable metals. It is
demonstrated that the selection of an appropriate processing scheme must be based on the
mineralogical composition of the feed, the distribution of the associated metal phases, and
the concentration of recoverable components.

For sulfur-rich copper concentrates, direct chloride leaching is identified as the most
efficient method, characterized by high copper dissolution rates, strong selectivity, and
favorable operating conditions. Under optimized parameters, copper fully transitions into
solution in the form of monovalent copper chloride, which is subsequently processed to
obtain high-purity metallic copper.

Iron recovery from the insoluble oxide residues is carried out through a controlled
two-stage hydrogen reduction process, resulting in metallic iron powder suitable for
industrial applications. The final oxide tailings, enriched with gold and silver, undergo
cyanide leaching followed by precipitation and electrochemical treatment to produce a high-
quality doré¢ alloy.

The proposed integrated technological scheme ensures comprehensive utilization of
the feedstock and high recovery efficiencies for both base and precious metals. Moreover,
the closed-cycle nature of chloride leaching and the reduction of secondary waste enhance
the environmental safety and overall sustainability of the process.

Keywords: copper sulfide concentrate, mineralogical composition, leaching,
recovery.

Introduction. Modern hydrometallurgical technological cycles for the direct
extraction of copper from ores generally consist of three main stages (processes):
leaching, solvent extraction, and electrowinning. The leaching process involves the
transfer of Cu?" (or Cu”) ions from copper-bearing minerals into an aqueous H,SO4
solution, resulting in a copper-enriched leach solution (pregnant leach solution).
However, the application of this technological cycle is not suitable for the processing
of copper sulphide ores.

In the present study, the feed material is a copper sulphide concentrate (with

chalcopyrite, CuFeS,, as the principal mineral). In direct hydrochloride leaching of
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this concentrate, copper passes entirely into solution as monovalent copper chloride
(CuCl), which, as is well known, provides favorable conditions for the precipitation
of copper (I) oxide (Cu,0) using sodium hydroxide.

The objective of this work is to analyze the optimal technological cycle for
processing local sulphide copper concentrates in order to recover copper, iron, gold,
and silver. This includes: direct hydrochloride leaching of chalcopyrite for copper
recovery; two-stage hydrogen reduction of the oxide tailings formed during
hydrochloride leaching for iron recovery; and cyanide leaching of the residual
(secondary) tailings followed by traditional electrolysis of the solution, for the
recovery of gold and silver.

Experimental methods. The concentrations of metal ions in solutions were
measured using the atomic absorption spectroscopy (AAS) method. The contents of
the major and minor components in solid residues were determined by chemical and
emission—spectral analysis. The phase compositions of solid materials were studied
by X-ray diffraction (XRD) analysis.

Discussion of the research results. At present, four main hydrometallurgical
processing technologies are employed for copper ores: heap leaching, vat leaching,
in-situ leaching, and agitated leaching. In addition, the method of leaching within the
ore body itself, though still rarely applied, is also considered. The choice of a
particular leaching technique for copper recovery from a given type of ore depends
primarily on the copper content in the ore, its mineralogical composition, and the
particle size of the constituent minerals [1] (Fig. 1). Furthermore, the geographical
location of the deposit, climatic conditions, and economic factors may also influence
the selection of the leaching method.
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Fig. 1. Dependence of the copper leaching method on its content in
the ore and on particle size
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Heap leaching constitutes the majority of copper hydrometallurgical
production. During both heap and dump leaching, the leaching solution percolates
through the ore mass under the influence of gravity [2]. In the case of column
leaching, the solution is forced through the ore, after which it is collected and
processed to extract copper.

In both heap and dump leaching methods, non-sulphide copper minerals are
leached using H,SO4:

CuO + H2S04 — Cu** + SO4> + H20. (D)

However, the leaching of sulphide minerals, in addition to H»SOs, also
requires the presence of an oxidizing agent. With oxygen participation, the main
reaction of copper sulfide leaching is as follows:

CusS + 1/20; + H2SO4 — CuS + CuSO4 + H2O . (2)

The heap leaching of sulphide ores can be enhanced by the participation of
microorganisms. Bacteria, which naturally occur in the ore, act as catalysts during
the leaching reactions. Their activity increases the reaction rate, thereby making the
leaching duration of the ore economically viable.

On the other hand, experiments have shown that the rapid progress of sulphide
leaching reactions requires the presence of Fe*" ions. For example, in ores containing
iron minerals such as pyrite (FeS), the Fe**ions oxidize the sulfur in the presence of
oxidizing bacteria (a black oxidizing bacterium acting as a catalyst), releasing
Fe*'ions. These Fe? ions are then rapidly re-oxidized to Fe*"ions by oxygen and the
same catalyst.

With the active participation of trivalent iron ions and bacteria, copper
sulphides can be directly leached according to the following reactions:

2FeS; + 70, +2H,0 — 2Fe** +2S04* + 2H,S0s4, 3)

O, +4Fe* + 4S04 + 2H,S0s — 4Fe*" + 6S04* + 2H,0, 4

CusS + 10Fe*" + 15S04* + 4H,0—2Cu?* + 10Fe*" +12S04* + 4H,S04.  (5)

As can be seen, the Fe*" ions formed in reaction (3) are subsequently re-
oxidized according to reaction (4), making the process cyclic [3].

Microbial catalytic processes are most often attributed to bacteria of the
genera Acidothiobacillus ferrooxidans, Leptospirillum ferriphilum oxidans, and
Acidothiobacillus thiooxidans. Ambient temperature is a critical factor for their
activity. For example, in the temperature range of 40-45°C, bacteria of the genus
Acidothiobacillus caldus dominate, whereas at temperatures above 60°C, Sulfolobus
metallicus and Metallosphaera spp. prevail [4].

The optimal activity of the bacteria is supported under the following
conditions:

a) pH of the leaching solution between 1.5 and 6.0 (optimal = 2);
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b) temperature from 5 to 45°C (optimal = 30°C);

¢) adequate O» supply to the reaction zone of the leaching sulphide ore, often
provided through specially designed pipes using mild aeration [5].

The column leaching method is suitable for low-copper oxide (0.5-1% Cu)
and carbonate ores, where the leaching kinetics is rapid, requiring a relatively short
duration [6]. After the ore is processed for the corresponding period (typically 4-20
days), the copper-enriched solution is subjected to metal recovery.

Agitated leaching is widely applied for oxide minerals due to their high
leaching kinetics (e.g., carbonates) and for ores with higher copper content (0.8-5%
Cu). This method can also be used for reprocessing residues obtained from other
leaching techniques. Currently, it is extensively employed by the African Copperbelt
company, whose ores consistently contain cobalt [7, 8].

The use of sulfuric acid in the leaching of copper sulphide minerals is also
necessitated by the need to decompose their crystalline structures, allowing copper
to enter the solution as Cu? ions [9].

For the successful leaching of all copper sulfides, in addition to sulfuric acid,
the presence of Fe*'ions and molecular O, is required as oxidizing agents. Copper in
the sulphide is oxidized by Fe**and dissolves into solution, whereby trivalent iron is
reduced to divalent form, and the resulting Fe?" cations are re-oxidized by O, back
to Fe".

In these interactions, the Fe(Il)/Fe(Ill) redox pair operates catalytically (this
occurs at elevated temperatures, where the sulfur-containing residue is converted to
sulfate rather than elemental sulfur formed under ambient conditions).

The leaching of chalcopyrite occurs under oxidizing conditions and at high
temperatures according to the following reactions:

2CuFeS; + 4Fex(SOs) — 2Cu2 + 28042 + 10FeSO, + 43, (6)
4FeSO4+ O, + 2H2S04 — 2Fex(S04)3 + 2H20, (7
2S +30,+ 2H,0 — 2H,S0q4, ®)

4CuFeS,+ 1702+ 4H,0 — 4Cu®" + 4S04* + 2Fe;03 + 4H,SOs. )

Within the scope of this work, the hydrochloride leaching method tested is

the most advanced (Fig. 2), as all operations are carried out in a closed cycle. The

main active agent, copper (II) chloride (CuCl,, introduced at the start of the cycle as

CuCl; salt in an aqueous NaCl solution), is regenerated during the process according
to the following reaction:

CuCl + 1/2Cl; = CuCl.. (10)

The chalcopyrite concentrate being processed (main component CuFeS,) is

loaded into a saturated aqueous solution of sodium chloride, where the chalcopyrite

(CuFeS;) decomposes under the action of copper (II) chloride (CuCl,) and aerated
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oxygen, resulting in copper (I) chloride (CuCl) in solution, iron oxide (Fe;0s) as a
solid residue, and elemental sulfur (on the solution surface):
CuFeS; + CuCl, + 3/40, = 2CuCl + 1/2Fe,0O3 + 28S. (11)

The copper (II) chloride required for this reaction is prepared separately by
reprocessing half of the copper (I) chloride solution obtained and purified from the
leaching phase and residues, using industrial chlorine gas (at 85°C). Air is also
bubbled through the solution.

The other half of the copper (I) chloride solution, purified from the leaching
residues, is separately processed with industrial sodium hydroxide to obtain divalent
copper oxide as a precipitate. The oxide precipitation occurs according to:

2CuCl + 2NaOH = Cu;0 + 2NaCl + Ho. (12)

During the oxide precipitation stage, the aqueous solution of sodium chloride
consumed in the leaching phase is simultaneously regenerated and returned to the
concentrate leaching tank.

The copper oxide powder obtained, after washing and drying, is reduced with
industrial hydrogen to produce metallic copper:

Cu,0 + Hp; = 2Cu + Hy0. (13)

In an induction furnace, the metallic copper is then melted and cast to obtain
copper of standard purity.

For the industrial chalcopyrite concentrate (-0.071 mm), the following optimal
conditions were selected for hydro-chloride leaching:

- Leaching temperature: 85°C;

- Saturated aqueous solution of NaCl (30% NaCl);

- Duration: 12 hours, under continuous stirring and intensive aeration.

Under these conditions, the experimental results obtained from the industrial
chalcopyrite concentrate (Table, Fig. 2) demonstrate that, on average, 99% of copper
passes from the material into the solution (Table), which is a highly acceptable
indicator.

Degree of Leaching,

0 2 4 6 8 10 12 14
Leaching Duration, h
Fig. 2. The leaching curves of chalcopyrite concentrate.1 - 28,2% Cu,
2-26,5%Cu, 3-28 %Cu
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Table
Experimental results of industrial chalcopyrite concentrate leaching

Sample Ne Cu, % | Conditions | Degree of Copper Extraction,
%
Concentrate-1 | 28.2 85°C, 10 h 98.8
Concentrate-2 | 26.5 85°C,12h 99.1
Concentrate-3 | 28.0 85°C, 14 h 99.2

The insoluble residue resulting from the leaching of copper concentrate-the
slimes, which consist of chemical compounds of Fe,Os, Au, and Ag-is subjected to
washing, drying, and preliminary recovery. The resulting magnetite slimes (Fe3Os,
Au, Ag) undergo multi-stage magnetic separation, after which the oxide slimes (Au,
Ag) are treated by cyanide leaching and electrowinning to produce a dore alloy (Au,
Ag), while the recovery process of the magnetite concentrate yields iron powder.

The experimental data also indicate that the copper content in the tested
concentrate has almost no effect on its leaching efficiency, which demonstrates the
universality of the hydrometallurgical method.

In a liquid medium, the interactions between the solvent (CuCl,) and the
soluble mineral (CuFeS,) are of a surface nature, determined by the fineness of the
solid particles and the rate of mass transfer, the primary factor of which is the
temperature of the solvent. In this case, 85°C provides sufficient conditions, as
confirmed a priori by experimental methods. Higher temperatures could further
accelerate the leaching process; however, intense vaporization of the solution at
elevated temperatures may cause additional environmental pollution. Therefore,
85°C is accepted as the optimal temperature.

Conclusion. The hydrochloric leaching method ensures the direct and
effective leaching of chalcopyrite concentrate. Using this method, the copper
extraction rate can exceed 99%.
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IT'NJAPOMETAJITYPITTYECKASA IEPEPABOTKA XAJIBKOIIUPUTOBBIX
KOHIEHTPATOB /IS BBIAEJIEHUA ME/IA, 30JI0TA U CEPEBPA

A.M. Oranecsn, JI.I'. Bapnansin

PaccMOTpeHBI OCOOCHHOCTH THIPOMETATYPTUYECKON TmepepadOTKH  MeEIHBIX
KOHIIEHTpaToB. [IpuBeneHBI XapakTepUCTUKH MPOIECCOB KYy4YHOTO, UYAaHOBOTO U
OaktepuanpbHOro (OMO) BBINIENAYMBAHUSA. B MPOMBIIIJIEHHO NPOU3BOAUMBIX MEIHBIX
KOHIIEHTpaTax MeIb B OCHOBHOM IPHCYTCTByeT B (opme xaibkonupura (CuFeS;) un
xanpko3uHa (CuzS), a sxene3o - B Buue nupura (FeS;). IlpeacraBneHsl onTtumanbHbIE
TEXHOJIOTHUECKHE YCJIOBUS BBINIEJIAYMBAHUS KOHIIGHTpaTa C IENbI0  00ecreueHus
MaKCUMAaTbHOH 3((EeKTUBHOCTH W3BJICUCHHS IICHHBIX MeTaiutoB. [loka3aHo, 4To BBIOOD
COOTBETCTBYIOIIECH TEXHOIOTHIECKOM CXEMBI JIOJKEH OCHOBBIBATHCSI HA MUHEPAIOTHIECKOM
COCTaBE CHIPHS, PACIPEICICHUN COITyTCTBYIOIUX METAIUIMYECKHX (a3 U KOHIEHTPAIHU
W3BJICKAEMBIX KOMITOHEHTOB.

Juis cepoconepKamux METHBIX KOHIIGHTPaTOB Hamboliee 3(PQPEKTHBHBIM METOIAOM
ABISICTCA TPSIMOE XJIOPHAHOE BBINICTAUYMBAHHUE, KOTOPOE XapaKTepU3yeTcs BBICOKOI
CKOPOCTBIO PAacTBOPEHHS MEIH, BBICOKOW CEJIEKTUBHOCTBIO W  OJarompHSITHBIMU
SKCIUTyaTallMOHHBIMHU yCJIOBUSAMH. B ONTHMAaNBHBIX peXUMax MeJb IMOJTHOCTHIO EPEXOANUT
B pacTBOp B (hopMe OTHOBAJICHTHOTO XJIOPHAA MEIH, KOTOPBIN 3aTeM mepepadaTsIBaeTCs s
IIOJIy4Y€HUS BBICOKOUMCTON METAJIIMUECKON MENIH.

W3BnedeHue jxene3a M3 HEPACTBOPUMBIX OKCHUAHBIX OCTAaTKOB OCYILIECTBISIETCS
HOCPEJICTBOM KOHTPOJIMPYEMOrO JBYXCTaJUIHOTO BOJOPOJHOIO BOCCTAaHOBJIEHUS, B
pe3ysbTaTe KOTOPOrO MOJMY4YaroT METANIMYECKUH KeIe3HbI MOPOLIOK, NMPUTOJHBIN A
NPOMBIIUICHHOTO NpUMeHeHHs. PHHANbHBIE OKCHHBIE XBOCTHI, 000TalEHHbIE 30JI0TOM U
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cepeOpoM, TOBEPralTcsi IMAHWIHOMY BBIMIECIAYNBAHHIO, MOCIE YETO - OCAXKICHUIO U
JIEKTPOXUMUIECKOI 00paboTKe IUIs OTydIeHHUs BRICOKOKAYECTBEHHOTO TOPE-CIIaBa.

[lpennaraemas  WHTErpUpOBaHHas  TEXHOJOTMYecKas cxema olecreuuBaeT
KOMIUIEKCHOE HCIIOJIb30BaHHE CHIPBS M BBICOKHE MOKa3aTEIN U3BJICYEHHS KaK IIBETHBIX, TaK
1 O6JaroposHbIX MeTauioB. Kpome TOoro, 3aMKHYTHIH LUK XJIOPHIHOTO BBIILEIAUNBAHUS U
CHIKEHHE O00BEMa BTOPUYHBIX OTXOJOB MOBBINIAIOT HSKOJOTHYECKYIO0 O€301acHOCTh W
YCTOWYHUBOCTH IIpOLIECCa.

Knrwouesvie cnosa: cynbhunHbIN MeIHBIN KOHIEHTPAT, MUHEPATOTHYECKIH COCTaB,
BBIIIETaYNBAHNE, N3BICUCHHUE.
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